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1. Introduction 
The effect of aerosols on the microphysics 
of clouds has been the subject of intense 
scrutiny for decades. For a constant amount 
of condensed water, an increase in the 
number of cloud condensation nuclei (CCN) 
will generate a cloud that consists of smaller 
drops and reflects more energy to space, 
which is commonly referred to as the "first 
aerosol indirect effect". However, because 
the droplets are smaller they may inhibit 
colhs10n-coalescence 1n the cloud, 
suppressing droplet growth that stops drizzle 
and other precipitation and extends cloud 
lifetime. Cloud cover can both decrease and 
increase with increasing aerosol loading. 
Recently, satellite remote sensors have been 
employed to provide a regional and even 
global view of aerosol effects on clouds. 
Current estimates of global average aerosol 
indirect forcing based on satellite data, range 
恥m -0.6 to -1.7 wm-2. More recently, 
surface-based remote sensing has also been 
applied to address aerosol effects on cloud 
microphysics, as these surface stations yield 
high temporal resolution data and because 
they sample aerosol below, rather than 
adjacent to clouds they do not suffer from 
"cloud contamination". The motivation of 
this study is to investigate the effect of 
aerosols on cloud microphysics using 
collocated surface remote sensing 
observations over Cape Hedo in Spring 2008. 
2. Data and Methodology 
Experimental facilities that operated during 
the spring 2008 observational campaign 
conducted at Cape Hedo (26.87 N, 128.25 
E), Okinawa Island includes cloud radar, 
microwave radiometer, lidar, CCN counter, 
whole sky imager, nephelometer and 
radiation instruments. Cloud droplet 
effective radius profiles were retrieved using 
a 95 GHz Doppler radar reflectivity and 
microwave radiometer derived liquid water 
path for non-precipitating, ice-free clouds. 
Collocated measurements of aerosol 
scattering coefficients, and CCN using a 
nephelometer and CCN counters were 
analyzed to quantify the response of drop 
sizes to changes in CCN. The microwave 
radiometer made it possible to sort the cloud 
data according to liquid water path (L WP), 
consistent with Twomey's conceptual view 
of the aerosol impact on cloud microphysics. 
3. Results 
Single layer homogeneous, ice free 
stratocumulus cloud cases were selected for 
the analysis. Figure 1 shows diurnal 
variation of CCN at supersaturation of 0.5% 
and aerosol scattering coefficient (~ 叫
measured at the surface on March 30, 2008. 
Covariation between CCN and~sea agree 
very well with good correlation (R=0.96). It 
can be noted from Figure 1 that CCN 
increases from 16 UTC onwards and 
reached maximum around 20 UTC. 
Average CCN concentrations are 69 and 303 
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cm-3 for the periods, 12-16 UTC and 16-20 
UTC, respectively. Figure 2 shows cloud 
droplet effective radius (Ref) for the period 
in which drastic increase in CCN is 
observed. It can be noted that Reff decreased 
from 3 .2to 2.4ｵm, in agreement with 
Twomey effect. 
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Figure 1. Diurnal variation of CCN at 0.5% 
supersaturation and aerosol scattering 
coefficient on March 30, 2008. 
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Figure 2. Cloud effective radius retrieved 
using radar reflectivity and microwave 
radiometer L WP on March 30, 2008. 
3.1 Retrieval of cloud droplet effective 
radius using FALCON cloud radar and 
its comparison with i-skyradiometer 
Cloud droplet effective radius profiles are 
retrieved from reflectivity of bistatic 
frequency modulated continuous wave 
(FMCW, FALCON) cloud radar operating at 
a frequency of 95 GHz using methodology 
proposed by Frisch et al. (2002). Technical 
details of the FALCON system and its 
comparison with SPIDER system can be 
found elsewhere (Takano et al. 2005). First 
method, which uses on~y the radar 
reflectivity with an assumption of constant 
cloud droplet number concentration 
(Nd=200 cm-3) and droplet spread (cr=0.34). 
The second method, which uses radar 
reflectivity and microwave radiometer 
(MWR)-derived liquid water path (L WP), 
eliminates the assumption of droplet number 
concentration. Figure 2 shows the timeｭ
height cross-section of Reff during the period 
from 1200 to 2200 hours where in the CCN 
has increased about a factor of 4. It can also 
be noted that Reff values increases from 
cloud base to cloud top. Cloud effective 
radius is also retrieved from ground-based 
measurements of the transmitted solar 
radiation by a multi-spectral radiometer 
(Prede POM-02) called as i-skyradiometer. 
The retrieval procedure compares 
measurements of the cloud transmittance 
from the ground at water-absorbing and non-
宕 absorbingwavelengths with lookup tables of 
晨 the trans1nittance pre-computed for planeｭ
parallel, vertically homogeneous clouds 
(Kikuchi et al., 2006). Three near-infrared 
wavelengths at 1.02, 1.6, and 2.2ｵm 
correspond to spectral channels 9, 10, and 
1 of a sun-sky radiometer. Among these 
wavelengths, 1.02ｵm has been adopted as a 
non-absorbing wavelength, while the other 
two are water-absorbing wavelengths. At 
water absorbing wavelengths, water droplets 
absorb more solar radiation as the particles 
increase in size, whereas at non-absorbing 
wavelength, water droplets absorb litle solar 
radiation. Figure 3 shows the Reff retrieved 
from radar, radar-MWR and POM-02 
(channels 9& 10 and 9 & 11). 
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Figure 3. Comparison of retrieved cloud 
effective radius retrieved from Radar and 
i-skyradiometer. 
Overall, they agree with similar temporal 
variation. The values are lower for the 
method, which uses Z and L WP. The error 
in retrieved L WP by statistical approach can 
induce an error in Reff. An attempt has 
been made to retrieve L WP using a physical 
approach, which uses surface meteorological 
observations, lidar & radar derived cloud 
base and top heights to estimate L WP 
iteratively by minimizing the observed and 
estimated brightness temperatures. The 
comparison between retrieved L WP using 
site-dependent and physical approach are 
shown in Figure 4 showing over al that an 
underestimate of site dependent approach. 
If this underestimation is taken into account 
the L WP values should be higher and this in 
turn will lead to slightly higher Reff values, 
which will be closer to i-skyradiometerｭ
derived Reffvalues. However, the advantage 
of remote measurements for estimating 
aerosol indirect effect is less reliability on 
absolute measure as we will be looking at 
the relative changes in cloud effective radius 
for relative changes in aerosol proxies such 
as CCN or aerosol scattering coefficient. 
Figure 4. L WP retrieved with siteｭ
dependent and physical approaches. 
3.2 Aerosol Indirect effect 
To investigate the effect of aerosols on 
cloud droplet effective radius, collocated 
measurements of different experimental 
systems were analyzed. Figure 5 shows the 
covariation between Ref, aerosol particle 
>0.5 b um num er concentration and 
scattering coefficient as observed on April 
10, 2008. 
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Figure 5. Covariation between Ref, Na>0.5 
ｵm and scattering coefficient (~ 叫 as
observed on April 10, 2008. 
It can be noted from the figure that there is a 
overall negative correlation between cloud 
droplet Reff and aerosols. Higher aerosol 
concentration in the beginning of the day 
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(00-03 hrs UTC) and 0900-1200 hrs UTC 
associated with a decrease in Reff clearly 
demonstrate Twomey effect. 
The sensitivity of Reff to aerosols can be 
described by 
IE=-d ln re/ d ln oc 
Where re is the cloud droplet effective 
radius and oc is the proxy for aerosol 
concentration. The scatter plot between Reff 
and CCN or 恥 shown in Figure 6 on April 
10 and March 20, 2008 show Twomey effect 
and indirect effect of 0.154 and 0.1, 
respectively. 
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Figure 6. Scatter plot between Reff and 
aerosol proxy (CCN or~sea) on April IO and 
March 30, 2008. 
It is proposed to integrate observations 
(ground-based and satellite) in a cloudｭ
resolving model at the range of relevant 
temporal/spatial scales so as to separate 
meteorological effects from aerosol effects 
on clouds. 
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